increase irrigation water consumption. When recycled or other impaired water is used for irrigation, the importance of using a uniform irrigation system becomes particularly important to ensure high turf quality while helping leach salts from the root zone (Duncan et al., 2009) . Applying a leaching fraction (water in excess of what is required for plant growth), is a necessary plant maintenance practice to leach salts from the root zone and thereby avoiding salt accumulation. Devitt et al. (2006) reported significant spatial variability in soil salinity as a result of poor irrigation system uniformity on turf irrigated with saline water. Consequently, Krum et al. (2011) suggested spatial salinity mapping on turfgrass areas by means of a mobile sensor platform to facilitate site-specific leaching programs.
Subsurface drip irrigation (SDI) systems offer an alternative to sprinklers, and are reported to irrigate more efficiently by applying water from emitters placed within the root zone. Several studies have shown that quality of turf does not decrease over time when irrigated with potable water from a subsurface drip irrigation system (Moore, 2006; Schiavon et al., 2010 Schiavon et al., , 2011 Sevostianova et al., 2011a Sevostianova et al., , 2011b . However, there may be limitations in the ability of SDI systems to leach salts from the root zone. When SDI systems in combination with saline water are used to irrigate turf areas the fraction of the root zone above the emitters (where most of the roots are accumulated) that receives water only through capillary raise may not be sufficiently flushed with water to leach out the salts (Schiavon et al., 2013; Sevostianova et al., 2011a Sevostianova et al., , 2011b .
Water salinity is measured as total dissolved solids (TDS) or is determined from electrical conductivity (EC w ) readings (Harivandi et al., 2008) . Elevated salinity in soil, measured by saturated paste electrical conductivity (EC e > 4 dS m -1 ), results in reduced availability of water, deficiency of plant nutrients, and toxicity of certain ions Duncan et al., 2009) . Sodicity values (measured as SAR of greater than 13 mmol 1/2 /L 1/2 ) can decrease the permeability of soils due to poor physical conditions (Ganjegunte and Vance, 2006; . Appraisal of salinity and sodicity distribution in affected landscape soils is the necessary first step for developing appropriate salinity management practices followed by leaching. Traditional laboratory methods of determining salinity and sodicity (EC e and SAR) distribution within a lawn or turf area are usually destructive, labor intensive, time consuming, and expensive (Pozdnyakova and Zhang, 1999) . In the case of areas that are irrigated from a subsurface system, soil sampling can damage the drip lines which can require time consuming and costly repairs.
Electromagnetic induction technology can be used to measure EC a and delineate salinity distribution within an affected area (Triantafilis et al., 2000; Corwin et al., 2006; Amezketa and Del Valle de Lersundi, 2008) . Although the EMI method is a rapid and non-invasive technique, calibration of EMI data is site specific. Accuracy of EMI is influenced by soil properties such as moisture content, clay content and type, salinity, and organic matter content (Friedman, 2005) . Efficient use of EMI signals requires a conversion of EC a into EC e . A significant effort has been directed toward developing efficient conversion models (Rhoades et al., 1990; Lesch et al., 1995; Triantafilis et al., 2001; Herrero et al., 2003; Corwin and Lesch, 2005a) . Among different approaches, the electrical conductivity sampling assessment and prediction (ESAP) model, which uses surface-response approach and combines both stochastic and deterministic modeling methodologies, has been successfully used for delineating the spatial distributions of soil properties from EC a survey data (Lesch, 2006) .
Although EC a is generally used for measuring soil salinity, it can also be used to determine spatial distribution of SAR, if there is a strong correlation between EC e and SAR (Amezketa, 2007) . Currently, information is lacking whether or not remote sensing EMI technology can be used to track soil salinity in landscape areas that are irrigated with saline water. The objective of this study was to evaluate the accuracy of EMI technique to delineate both salinity and sodicity distribution using the ESAP model on a turfgrass research area irrigated with saline and potable water from subsurface and sprinkler systems.
MATERIALS AND METHODS
The study was conducted at the New Mexico State University's Turfgrass Salinity Research Center in Las Cruces, NM (arid, 1265 m elevation, 32°16′29.23′′ N, 106°44′8.32′′ W). The study site for the EMI survey consisted of an area of about 560 m 2 (28 m length by 20 m wide).
The investigation was performed on an area used to establish tall fescue (Festuca arundinacea Schreb.) and Kentucky bluegrass (Poa pratensis L.) with saline or potable water applied from either a sprinkler or a subsurface drip system (Schiavon et al., 2013) . The experimental design of the study was a completely randomized block with water quality as whole block and irrigation system as subplot treatments (about 23 m 2 ). Each treatment was replicated three times. Irrigation consisted of either potable (EC = 0.6 dS m -1 ) or saline (EC = 2.98 dS m -1 ) water, which originated from a saline aquifer in close proximity to the research site. The saline water was classified as very high in salinity and low for sodium hazard (C4-S1) (U.S. Salinity Laboratory Staff, 1954) . Chemical constituents in the irrigation waters are listed in Table 1 . Belowground irrigation was provided by a modified subsurface drip irrigation system (KISSS America Inc., Longmont, CO). The drip lines were enclosed in a patented membrane consisting of a geotextile material covering the top of the drip line and a sheet of thin plastic surrounding the bottom of the line. The membrane extends 5 cm beyond either side of the drip lines (KISSS America, 2011). The system was operated at 200 kPa and had an emitter delivery rate of 1.6 L h -1 . Irrigation lines were installed according to the manufacturer's (Schiavon et al., 2013) . The dominant soil map unit at the study site was Bluepoint (mixed, thermic Typic Torripsamments) (USDA-NRCS, 2012). Soil samples were collected in 2009, before plots were seeded and irrigation treatments started. Selected soil properties are presented in Table 2 .
Electromagnetic Induction Instrument and Electormagnetic Induction Survey
In August 2011, at the conclusion of the study (Schiavon et al., 2013) , EC a were measured using a model EM38 EMI meter manufactured by Geonics Limited, Mississauga, ON, Canada. Measurements were taken with the coil configuration of the meter oriented in the horizontal position thereby providing an effective measurement depth of about 75 cm, which covered the root zone of turfgrass. In this study no signal data were collected in the vertical mode (EM38v) as horizontal mode was enough to cover the effective root zone. Based on the size of the study site, the EMI survey was performed manually. The EC a measurements were taken at 4.3-m intervals along 20-m long survey lines, in northsouth orientation, parallel to the replication of each irrigated main plots. The GPS device (Etrex Legend, Garmin, Olathe, KS) used for the survey exhibited a precision of <3 m, therefore coordinates could be recorded accurately, despite the relatively small plot size. Both EC a and GPS data were logged at a high frequency of two readings per footstep.
Soil Sample Collection and Analyses
After the EMI survey, six sampling locations that covered the full range of EC a measurements on the field were selected for calibration. These calibration samples covered all three replications of plots irrigated with either potable or saline water from either a sprinkler or subsurface systems. Sampling location selection was performed using the ESAP-response surface sampling design (RSSD) software package version 2.35R (USDA-ARS Salinity Laboratory, Riverside, CA; Lesch, 2006) , which uses the RSSD statistical method. At each of the six sampling sites, soil samples were collected from 0-to 75-cm depths at 15-cm intervals (0-15, 15-30, 30-45, 45-60, and 60-75 cm) . Thus, a total of 30 soil samples (six locations by five depths) were collected to calibrate EMI (EC a ) data. In addition to these six calibration samples, soil samples were collected from 18 locations (two samples from each water by irrigation system combination) at two depths (0-15 and 15-30 cm), for validating the model results.
Soil samples were air-dried, ground, and separated through a 2-mm sieve. Subsamples were used to determine soil texture using the hydrometer method (Gee and Or, 2002) . Processed soil samples were analyzed for salinity by means of saturated paste extract (SPE) EC e (Rhoades, 1996) ; pH (Thomas, 1996) ; and concentrations of Na, Ca, and Mg using inductively coupled plasma spectrometry (Helmke and Sparks, 1996; Suarez, 1996) . Sodium adsorption ratios of the soil samples were estimated from Ca, Mg, and Na concentrations using the following equation (Essington, 2003) :
where Ca, Mg, and Na represent mmol L -1 concentrations of the respective ions.
Data Analyses
Effects of water quality and irrigation system on selected soil chemical properties at two depths (0-15 and 15-30 cm) were evaluated using ANOVA with GENSTAT 4.1 statistical software (VSN International Ltd., Oxford, UK). General ANOVA was used with water quality as the main effect and irrigation system and soil depths as the subplot effect. Fisher's least significant difference (LSD) was used to determine the significance of differences among means at P ≤ 0.05 (Steel and Torrie, 1980) . Statistical analyses of EMI data were conducted using both the ESAP software, GENSTAT 4.1) and a cross-validation tool in the mapping software (Surfer version 8.0, Golden Software Inc.). Soil properties for each of the 15-cm intervals in the top 75-cm depth were used in the analysis. The calibration equations for converting (EC a ) into EC e and SAR values for the depths of 0 to 15 and 15 to 30 cm, EMI readings were derived using the MLR model included in ESAP-CALIBRATE with log-transformed signals combined with the trend surface parameters (x, y = scaled location coordinates of each survey area). De-correlated EMI data (z1) and scaled location coordinates (x, y) were used as predictor variables in the regression equation. The MLR model for estimating salinity or sodicity (A) has a general form of:
where
To choose the best equation for calibrating EM38, the model with all parameters significantly different from zero (at P < 0.05) and with the smallest sum of squares of prediction errors (PRESS score, i.e., predicted residual sum of squares) was selected. The residual spatial independence was examined using the Moran residual autocorrelation test (Lesch et al., 1995) . The model predicted the soil salinity and sodicity values for each of the 15-cm depths. Model outputs for 0-to 15-and 15-to 30-cm depths, as they are the most relevant to the turfgrass root zone, were selected for validation. Linear regression between the estimated and wet chemistry measured values for EC e and SAR at 18 locations at two depths within the study site were used to validate the model results.
Model generated EC e and SAR values based on EC a for the survey data points were imported into the mapping software (Surfer, ver. 8.0). Omni-directional variograms were computed for 0 to 15 cm, 15 to 30 cm, and 0 to 30 cm (average of two depths) EC e and SAR values. Both EC e and SAR experimental variograms were best fitted with a linear model with nugget effect. Thus, a linear model with nugget effect of point kriging method was used for the interpolation of EC e and SAR data. Validity of the gridding method was determined by examining the three statistics provided in the cross-validation report generated by the surfer software: residual median absolute deviation, residual standard deviation, and rank correlation between the measured and the estimated Z (Kitanidis, 1997) .
RESULTS AND DISCUSSION Water Quality, Soil Chemical Properties-Wet
Chemistry Data Selected chemical properties of the two types of water used for irrigation are provided in Table 1 . The saline irrigation water has higher EC iw values (P = 0.047) and significantly greater concentrations of Ca, Mg, K, Na, Cl, and SO 4 (P = 0.028, 0.027, 0.027, 0.029, 0.022, and 0.046, respectively), than that of freshwater. Analysis of soil property data suggested that the soil at the study site consisted of a sandy loam, with a neutral pH, low salinity, and sodicity (EC and SAR values of 1.1 dS m -1 and 2.04 mmol 1/2 L -1/2 , respectively), and B levels below the toxicity threshold (Table 3) . After 2 yr of irrigation (1 yr with saline water, followed by leaching with potable water, followed by a second year of irrigation with saline water) (Schiavon et al., 2013) , plots that were drip irrigated with saline water had significantly greater EC e (P < 0.001), SAR (P < 0.001), Na (P < 0.001), and Cl (P < 0.001) concentrations at both depths than plots drip irrigated with freshwater (Table 3) . Significantly greater Ca (P = 0.006), Mg (P = 0.004), and K (P = 0.049) concentrations were also observed in plots drip irrigated with saline water but only at 0-to 15-cm soil depth. In sprinklerirrigated plots SAR values differed significantly between plots receiving saline and those irrigated with freshwater. The type of irrigation system used had a significant effect on soil chemical properties. Despite the coarse texture, plots that received saline water from the drip system had significantly greater EC e at depths of 0 to 15 and 15 to 30 cm, and higher concentrations of SAR, Ca, Mg, Na, K, Cl, and SO 4 than plots that were sprinkler irrigated with saline water at depths of 0 to 15 cm. After the 2-yr irrigation period, electrical conductivity in root zones of plots drip irrigated with saline water reached levels >4 dS m -1 and could be categorized as saline soils (U.S. Salinity Laboratory Staff, 1954) . These values indicated that only limited leaching of salts from the root zone had occurred in plots irrigated with drip lines. These results are supported by that of Cote et al. (2003) and Sevostianova et al. (2011a Sevostianova et al. ( , 2011b who also reported greater salinity in drip-irrigated soils than that in sprinklerirrigated ones. These differences in soil salinity are probably due to relatively greater distribution of water at depths below the emitter plane than at depths above the emitter plane. The non-uniform distribution of salts on plots irrigated with a drip system results in greater accumulation of salts at the surface and periphery of the wetting front. 
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7.52aB 7.35aB 7.74aAB 7.88aA Freshwater 7.72aA 7.59aA 7.72aA 7.92aA ----------------SAR, mmol 1/2 L -1/2 -----------------Saline water 6.44aA 4.62aB 2.44aC 3.00aC Freshwater 1.69bA 1.00bA 0.85bA Saline water  751aA  518aAB  348aB  449aAB  Freshwater  596aA  366aAB  89aB 122aB † EC e , electrical conductivity; SAR, sodium adsorption ratio. ‡ Values followed by the same letter are not significantly different from one another (Fisher's protected least significant difference, a = 0.05). § Lowercase letters denote differences between water qualities separately for each chemical constituent (in columns), ¶ Uppercase letters denote differences between soil depths and irrigation systems (in rows).
Electromagnetic Induction Measurements in Soil Salinity and Sodicity
Mean values and range statistics for EC a determined by the EMI, soil moisture at the time of the EMI survey, clay content, EC e , and SAR of the calibration samples are presented in Table 4 . Apparent electrical conductivity values are averaged over soil depths of 0 to 75 cm, therefore, data from soil sample analyses have also been averaged over the top 75 cm of depth (Table 4 ). The EC e and SAR values varied widely in the top 75 cm of soil, as indicated by the large standard deviations (3.07 dS m -1 and 2.28 mmol 1/2 L -1/2 , respectively) and coefficients of variation values of 122 and 84%, respectively. Maximal values of EC e exceeded 15 dS m -1 , which can limit growth of cool season turfgrasses (Sevostianova et al., 2011a) . Soil EC a values were relatively more uniform than EC e , as indicated by the relatively lower coefficient of variation (50%). This may suggest that moisture content, one of the major factors influencing EC a ,was more uniform throughout the research area at the time EMI measurements were taken.
Simple linear regression between EC a and EC e is presented in Fig. 1 . The coefficient of determination (R 2 ) between EC a and SAR was higher than for EC e and SAR (Fig. 2) . Between 69 and 79% of the variation in EC e and SAR within the saturated paste extract could be explained by changes in EC a . Simple linear regressions between EC e (P = 0.03) and SAR (P = 0.04) were significant (Fig. 3) . A strong correlation between EC e and SAR explained the significant positive relationship between EC a and SAR. Other researchers have also found strong correlations between EC a readings and SAR (Nelson et al., 2002; Corwin and Lesch, 2005b; Corwin et al., 2006; Amezketa, 2007) . The coefficients of determination for EC e and SAR were significant; however, due to the sandy loam texture of the soil present in this study, the proportion of the variability explained by the models was not as high as R 2 reported for fine-textured soils (Ganjegunte and Braun, 2011; Ganjegunte et al., 2013) . Strong correlations between EC e and SAR have been observed in many arid regions characterized by soil salinization due to evapo-concentration (Corwin et al., 2003) . In soils that accumulate salts due to evapoconcentration, EC e , and SAR are directly correlated. This strong correlation is explained by two processes: salt concentration due to high rates of evaporation, and selective precipitation of Ca in the evaporating soil solution (Amezketa, 2007) . Thus, the EMI technique can be a valuable tool under these conditions to delineate spatial distribution of both EC e and SAR.
Simple correlation analyses between EC a and select soil properties suggested that the EC a of the soil had a significant positive (P = 0.05) correlation with clay content, EC e and SAR (Table 5 ). Soil clay serves as a reservoir of cations such as Ca 2+ or Na + and the concentration of counter ions adsorbed on the clay complex is a major contributor to the electrical conductivity in fine texture soils (Friedman, 2005; Triantafilis and Lesch, 2005) . Thus, it is expected that the clay content of soil will have a significant positive correlation with its electrical conductivity. Lack of correlation with field moisture is probably due to the lower clay content in the soils of the study site. The strong positive correlation observed between EC a and saturated paste EC e and SAR suggested that the EMI method can accurately estimate soil salinity and sodicity levels.
Estimating Distribution of Electrical Conductivity and Sodium Adsorption Ratio from Apparent Electrical Conductivity
Multiple linear regression models strongly predicted EC e and SAR from EC a at two soil depths, with coefficients of determination (R 2 ) ranging from 0.82 to 0.98 (Table 6 ). Moran spatial auto correlations were nonsignificant, indicating that the residuals of the regression models were normally distributed with a homogenous variance. Moreover, model estimated EC e and SAR values for the two depths were regressed against values determined on soil-saturated paste at 18 verification locations. Significant R 2 coefficients between the estimated and measured EC e and SAR validated the calibration (Table 7) .
Point kriging using a linear model with nugget effect fitted the experimental variograms well for both EC e and SAR at the two soil depths (Fig. 4a and 4b, respectively) . The experimental variogram parameters for EC e at the combined depth of 0 to 30 cm were: nugget effect = 1.07, slope = 17800, anisotropy ratio = 1, angle = 0°, and lag distance = 0.0013 arc degrees. Variogram parameters for SAR at 0-to 30-cm depth resulted in nugget effect = 1.2, slope = 25900, anisotropy ratio = 1, angle = 0°, and lag distance = 0.00013 arc degrees. Fitted variogram models indicated that the measurement errors were small and local variations in EC a may have been due to variations in soil properties, particularly the clay content (Weller et al., 2007) .
Thus, point kriging using a linear model with nugget effects was applied to prepare maps of the spatial distribution of soil salinity (EC e ) and sodicity (SAR) (Fig. 5 and 6 ). The EC e maps showed that soils irrigated with saline water from a drip system exhibited higher salinity levels than those irrigated with saline water from a sprinkler system. Greater soil salinity at 0-to 15-cm soil depths (Fig. 5a ) compared to 15-to 30-cm depths (Fig. 5b) is attributable to an accumulation of salts near the surface as a result of evaporation. Parts of the study site that were drip-irrigated with saline water exhibited soil EC e values that exceeded 4 dS m -1 , the threshold dividing saline and non-saline soils, in 0 to 30 cm (Fig. 5c ). The SAR maps confirmed that areas of greater sodicity coincided with the areas of greater salinity. Generally, soil sodicity at the 0-to 15-cm depth (Fig. 6a ) was greater than that at the 15-to 30-cm depth (Fig. 6b) . However, sodicity of the soils irrigated with saline water from the drip system did not exceeded the threshold level of 13 mmol 1/2 L -1/2 in the top 30 cm of the root zone (Fig. 6c) . The relatively greater Ca and Mg concentrations in saline water (Table 1) compared to the fresh water and the highly permeable nature of the sandy loam soils at the study site could have prevented the development of sodic soil conditions.
The maps clearly highlighted differences in EC and SAR distribution between saline water and freshwater irrigated plots under drip and sprinkler systems. Salinity and sodicity peaks in sprinkler-irrigated plots could be due to a combination of factors, such as higher clay concentration, lower hydraulic conductivity, and irrigation non-uniformity. Moreover, EMI data were also useful in validating the wet chemistry data. Although no detailed economic analysis was performed in this study, based on the number of samples and time spent on analyzing soil samples it is likely that the cost of EC e and SAR determination using the EMI method is less than EC e and SAR determination by conventional methods in a high resolution (Pozdnyakova and Zhang, 1999) . Results of our study suggest that EMI technique can provide accurate information on spatial distribution of both salinity and sodicity from a relatively smaller number of soil sampling sites.
CONCLUSIONS
A significant (P = 0.04) positive correlation between EC e and SAR suggested that soil salinization in the study site was primarily due to evapo-concentration. After 2 yr of irrigation, saline-irrigated plots had greater salinity and sodicity in the root zone than those irrigated with freshwater. Moreover, soils irrigated with saline water using a drip system had significantly higher EC e values and higher SAR, Na, and Cl concentrations at 0-to 15-and 15-to 30-cm depths than those irrigated with freshwater either by sprinkler or drip systems. This suggests that distribution of water was greater below the drip emitter in the soils of the study site. Results of the study indicated that the EMI data were strongly influenced by soil clay content (R 2 = 0.73 and P = 0.049). The R 2 for MLR models used to predict EC e and SAR at two soil depths from EC a values were highly significant, ranging from 0.82 (P = 0.013) to 0.98 (P = 0.003). Significant R 2 (0.82 and P < 0.001) between the EC e and SAR values estimated by MLR and those obtained by wet chemistry methods for verification samples validated the calibration. Soil salinity and sodicity maps developed by EMI data clearly showed the difference between saline water and freshwater irrigated plots by drip and sprinkler systems. Based on the study results, it can be concluded that the EMI technique can be used to delineate site specific spatial distributions of salinity and sodicity in saltaffected turf areas at depths close to the surface (0-15 cm) and at depths below the root zone (15-30 cm). 
